It has been suggested that an auditory phantom percept is the result of multiple, parallel but overlapping networks. One of those networks encodes tinnitus loudness and is electrophysiologically separable from a non-specific distress network. The present study investigates how these networks anatomically overlap, what networks are involved and how and when these networks interact. The EEG data of 317 tinnitus patients and 256 healthy subjects were analyzed, using independent component analysis. Results demonstrate that tinnitus is characterized by at least two major brain networks, each consisting of multiple independent components. One network reflects tinnitus distress, while another network reflects the loudness of the tinnitus. The component coherence analysis shows that the independent components that make up the distress and loudness networks communicate within their respective network at several discrete frequencies in parallel. The distress and loudness networks do not intercommunicate for patients without distress, but do when patients are distressed by their tinnitus. The obtained data demonstrate that the components that build up these two separable networks communicate at discrete frequencies within the network, and only between the distress and loudness networks in those patients in whom the symptoms are also clinically linked. 
mechanism and as a result help in the identification of a treatment as to date no treatment 1 exists for this auditory phantom phenomenon (Langguth B et al. 2009 ).
2
The present study used group blind source separation of resting state EEG to map the 3 involvement of different brain networks in auditory phantom perception. Resting state 4 networks can be identified using completely data-driven approaches, using EEG, MEG, but 5 also fMRI techniques. The resting state networks are evident in the human brain during the 6 awake resting state, as well as during task performance, sleep and anesthesia (Fox MD and 7 ME Raichle 2007), or at different vigilance levels (Olbrich S et al. 2009 ). Meanwhile, 8 emerging evidence shows that neurological or psychiatric diseases are associated with 9 alterations in resting state activity (Fornito A and ET Bullmore 2010) . Thus, the spontaneous 10 activity of resting state network reflects a fundamental aspect of cerebral physiology and 11 pathophysiology.
12
The blind source separation (BSS) approach, such as independent component analysis 13 (ICA), is currently enjoying increasing popularity thanks to its complete data-driven nature 14 (Scheeringa R et al. 2008) . While the BSS analysis shows the relationship between different 15 brain areas within a component (i.e. network), we also verify the lagged phase coherence (i.e.
16
out of phase) between the different independent components (i.e. sources) by verifying the 17 inter-component coherence ). This 18 latter method helps to understand how different networks can communicate with each other in 19 an out of phase matter. We hypothesized that patients with an auditory phantom percept 20 would be discernible from a healthy control group during resting activity and that different 21 independent components might form two separable networks involved in the distress and 22 loudness of the auditory phantom percept. We furthermore hypothesized that tinnitus related 23 distress would be electrophysiologically characterized by the presence of inter-network 24 functional connectivity. headache, neurological disorders such as brain tumors, and individuals being treated for 7 mental disorders were excluded from the study in order to increase the sample homogeneity.
8
All patients were interviewed as to their perceived location of the tinnitus (the left ear, in both 9 ears, and centralized in the middle of the head (bilateral), the right ear) as well the tinnitus 10 tone (pure tone like tinnitus or noise-like tinnitus). In addition all patients were screened for 11 the extent of hearing loss using a pure tone audiometry using the British Society of Audiology 12 procedures at .125 kHz, .25 kHz, .5 kHz, 1 kHz, 2 kHz, 3 kHz, 4 kHz, 6 kHz and 8 kHz
13
(Audiology BSo 2008). Tinnitus patients were tested for the tinnitus frequency doing a 14 tinnitus analysis. In unilateral tinnitus patients, the tinnitus analysis was performed 15 contralateral to the tinnitus ear. In bilateral tinnitus patients, tinnitus analysis was performed 16 contralateral to the worst tinnitus ear. The tinnitus analysis consisted of the assessment of the 17 tinnitus pitch and loudness. First, a 1 kHz pure tone was presented contralateral to the (worst) 18 tinnitus ear at 10 dB above the patient's hearing threshold in that ear. The pitch was adjusted 19 until the patient judged the sound to resemble most to his/her tinnitus. The loudness of this 20 tone was then adjusted in a similar way until it corresponded to the patient's specific tinnitus 21 as well. The tinnitus loudness (dB SL) was computed by subtracting the absolute tinnitus 22 loudness (dB HL) with the auditory threshold at that frequency (Meeus O et al. 2009; Meeus 23 O et al. 2011 ). See Table 1 for an overview of the tinnitus characteristics.
24

Healthy control group
22
EEG data of a healthy control group (N = 256; M = 49.514 years; Sd = 14.82; 154 males 23 and 102 females) was collected. None of these subjects was known to suffer from tinnitus.
24
Exclusion criteria were known psychiatric or neurological illness, psychiatric history or 25 drug/alcohol abuse, history of head injury (with loss of consciousness) or seizures, headache, 1 or physical disability. For these healthy controls hearing assessment was not performed. 
Group Blind Source Separation
18
In the fMRI literature BSS approaches such as ICA are currently enjoying increasing 19 popularity thanks to their complete data-driven nature (Greicius MD et al. 2004; Bluhm RL et 20 al. 2008; Scheeringa R et al. 2008) . In EEG also, BSS has recently been extended to group 21 analyses of the resting state . Such method can separate 5 uncorrelated sources with non-proportional power spectra (Congedo M et al. 2008) and is 6 analogous to the averaging group ICA approach described for fMRI (Schmithorst VJ and SK 7 Holland 2004). The BSS method we employ measures the intra-component relationship 8 between different brain areas. Only co-spectra in the range 2-44 Hz were diagonalized 9 because in this band-pass region continuous EEG features the highest signal-to-noise ratio.
10
This method finds a "group" mixing and demixing matrix. The demixing matrix was then 11 used to extract the power of the components on both the tinnitus and healthy group, as groups. Multiple comparison student t-tests were performed separately for each component.
20
The significance threshold was based on a permutation t-max test with 5000 permutations.
21
The methodology used is non-parametric. It is based on estimating, via randomization, the method. Each component was tested separately without correction.
11
Lagged phase coherence (out of phase coherence)
12
The BSS method we employed cancels the in-phase correlation at all frequencies between 13 all sources taken pair-wise, however it does not interfere with their out of phase correlation.
14
The residual out-of-phase correlation among sources can then be studied, for instance in the 15 frequency domain (coherence). Such "lagged phase coherence" between two sources can be 16 interpreted as the amount of cross-talk between the regions contributing to the source activity 17 comparisons using a Bonferroni correction.
6
In addition, time-series of current density were extracted for different region of interests 7 using sLORETA. Power in all 6,239 voxels was normalized to a power of 1 and log 8 transformed at each time point. Region of interest values thus reflect the log transformed 9 fraction of total power across all voxels, separately for specific frequencies. Regions of 10 interest were defined based upon all brain areas involved in component III and IV (see Figure   11 3) at specific frequencies (see Figure 7) . We calculated the log transformed power for each 
17
Results
19
Behavioral measurements
20
A significant positive correlation between the TQ and the tinnitus loudness was obtained,
21
indicating that the higher the TQ the louder patients perceive their tinnitus (see Table 2 ).
22
When dividing the tinnitus patients into different grades, going from slight to very severe 23 distress, based on their TQ score, no significant correlations could be obtained between the
24
TQ and the tinnitus loudness for each group separately (see Table 2 ). 
Group Blind Source Separation on the Tinnitus Sample
23
Based on the bootstrap analysis 6 components could repeatedly be obtained. Analysis on 24 the total group reveals that these six components explain 62.07% of the total variance. Figure 3A ).
20
A comparison between the power produced by the six independent components in the
21
Tinnitus group and the healthy control group revealed several significant results. For 22 component I the tinnitus group had less delta, theta, alpha and beta activity and more gamma 23 activity (see Figure 3B ). Component II revealed less beta activity and more gamma activity,
24
while component III revealed less beta activity (see Figure 3B ). Component IV and V yielded more delta, theta, alpha, and beta activity for the tinnitus group in comparison to a healthy 1 control group. Furthermore, Component IV showed additional increased gamma activity, 2 while component V showed decreased gamma activity for the tinnitus group in comparison to 3 the healthy control group (see Figure 3B ). For the tinnitus group Component VI showed more 4 beta and gamma activity in comparison to the control group (see Figure 3B ). indicated that the activity in the auditory cortex can differ depending on the tinnitus 12 lateralization.
13
Extracting seven components instead of six revealed that component VII was indeed an The estimated lagged phase coherence was computed between all components in the 22 healthy control subjects (see Figure 5 ). Table 3 ). In addition, a positive correlation was obtained between tinnitus distress and the log-power of 1 component IV at the frequency range 8-12 Hz and the log power of Component VI at 2 frequency range 24-28 z and 28-32 Hz (see Table 3 24-28 and 28-32 Hz (see Table 3 ). For component V a positive correlation was obtained 12 between tinnitus loudness and the log-power at the frequency 12-16 Hz (see Table 3 ). No 13 significant results were obtained between tinnitus loudness and the log-power of component I,
14
II, IV and VI at the specific frequency ranges. As such we could name this III-V network a 15 loudness network.
16
Correlation analyses between the log-power of discrete frequencies in the range 2-44 Hz We applied a BSS analysis on the different tinnitus groups separately to verify whether 10 similar components could be obtained. This BSS analysis revealed similar six components for 11 all four grades going from slight to very severe distress (see Figure 2As , Bs, Cs & Ds). A 12 second step was to calculate the lagged phase coherence for the four grades (see Figure 2s) . Figure 7A , B & D), and at 11.5 Hz for grade 4 (see Figure 7A , B & E). dorsal anterior cingulate, left and right insula) specifically for 10 and 11.5 Hz. We opt for 11 these latter frequencies as the above mentioned analyses clearly revealed that both frequencies 12 are important in respectively grade 3 and grade 4 tinnitus patients. in resting state fMRI (Britz J et al. 2010; Musso F et al. 2010 
17
Previous research already demonstrated that this brain area might be important in tinnitus.
18
That is, previous research has demonstrated a reorganization (Muhlnickel W et al. 1998 and might therefore represent a non-specific distress network (Craig, 2003; Critchley, 2005; 17 Phan et al., 2002; Peyron et al., 2000) . This suggests that the distress associated with tinnitus 18 perception might be related to activation of a general 'distress network'.
20
The loudness network
21
The loudness network is built up by two components, one located anteriorly and one
22
posteriorly. This is different than the results obtained by an auditory cortex centered approach 23 used in previous research, demonstrating that tinnitus loudness is correlated to decreased 24 alpha (Lorenz I et al. 2009 ) and increased gamma band activity in the auditory cortex (Llinas to communicate or is functionally connected at slow frequencies (i.e. 2.5-9 Hz), the loudness 20 network (C3-C5) communicates or is functionally connected at fast frequencies (i.e. 30.5 Hz).
21
It has already been argued that both slow and fast rhythms have a different role in 22 perception (Varela F et al. 2001) . More precisely slow waves would constitute the 'context'
23
and fast waves the 'content' of neuronal representations (Poppel E 1994; Llinas R et al. 24 1998). Applied to our findings it can be suggested that the distress network would function as context, while the tinnitus loudness is important for the content of the auditory phantom The group BSS analysis resulted in six components of which three components are located 
2
While the anterior cingulate has been implicated in emotional (Sinha R et al. 2004), 3 attentional (Cohen RA et al. 1999) , reward (Bush G et al. 2002) and executive (Vogt BA et al. 4 1992) processing, the posterior cingulate seems to be related more to cognitive and memory 5 aspects of information processing (Vogt BA et al. 1992) . The posteriorly based components 6 found in the group BSS analysis might be related to cognitive and memory aspects of the 7 tinnitus percept, as the posterior cingulate cortex is implicated in auditory memory (Grasby 8 PM et al. 1993; Fletcher PC et al. 1995 ) and in cognitive aspects of auditory processing 9 (Laufer I et al. 2009 ). Activity in the precuneus and adjacent retrosplenial posterior cingulate 10 cortex and posterior cingulate cortex has indeed been linked to successful retrieval from 11 auditory (and visual) memory (Shannon BJ and RL Buckner 2004; Sadaghiani S et al. 2009 ).
12
The posterior cingulate cortex, precuneus component has been proposed to exert a salience 13 based cognitive auditory comparator function (Laufer I et al. 2009 ). distress in tinnitus (Goodwin PE and RM Johnson 1980; Andersson G 2003) and it confirms our hypothesis that tinnitus distress is the result of a 'distress network' separable from a with low distress, i.e. in patients in whom the tinnitus, whatever its loudness is not distressing.
23
This functional connection occurs in the alpha range, i.e. at 10 Hz and 11. into the ventromedial prefontal cortex is involved in tinnitus loudness perception (Muhlau M 23 et al. 2006; Rauschecker JP et al. 2010; Leaver AM et al. 2011) . Structural deficits have been 24 observed in the subgenual cingulate cortex/nucleus accumbens area. Based on these findings, it has been postulated that tinnitus is the result of a deficient sensory attentional gating 1 mechanism, originating in the subgenual cingulate cortex/nucleus accumbens area and acting 2 on the reticular thalamic nucleus (Rauschecker JP et al. 2010 synchronization) to the auditory cortex is increased (Vanneste S, P van de Heyning, et al. 15 2011). The parahippocampal area is also associated with tinnitus distress (Vanneste S, M 16 Plazier, E der De Ridder D, S Vanneste, et al. 2011) . Thus it is not surprising 17 that the parahippocampal area, which has a sensory gating function for irrelevant or redundant 18 auditory input (Boutros NN et al. 2008 ) and subgenual anterior cingulate cortex, which has an 19 attentional gating function, when functionally coupled, link phantom sound to distress.
21
Is this a universal mechanism?
22
It has been suggested before that the tinnitus distress network is actually a non-specific 23 distress network, in view of the fact that the areas involved in tinnitus distress are similar to 24 those in pain (Moisset X and D Bouhassira 2007) , social rejection (Masten CL et al. 2009 ), somatoform disorder (Landgrebe M et al. 2008 ) and asthmatic apnea (von Leupoldt A et al.
The connectivity between the parahippocampal area and subgenual anterior cingulate 3 cortex/ventromedial prefrontal cortex is proposed to be part of a general aversive network, 4 involving the cerebellum, parahippocampal area and hypothalamus, as it is activated both by 5 pain and unpleasant visual images (Moulton EA et al. 2011) . Unfortunately EEG cannot pick-6 up electrical activity from neither the cerebellum nor the hypothalamus.
7
Our results also showed that communication between the different components as well as 8 between the distress and loudness network are within narrowband frequencies. Narrowband 9 frequency communication has already been described for animals (Fujisawa S and G Buzsaki 10 2011). In humans, interactions between the independent components also appear to occur at 11 multiple narrowband frequencies (Congedo M, RE John, D De Ridder, L Prichep, et al. 12 2010). The findings of this study add to these previous findings and suggest that pathological 13 functional connectivity between specific networks at specific frequencies can lead to a 14 problematic auditory phantom percept.
15
Whether or not the described mechanism in this paper is universal is impossible to say, but 16 in view of the above arguments it is definitely worthwhile to further explore this possibility.
18
Limitations
19
One limitation of the current study is related to the fact that we did not control between the 20 tinnitus group and healthy control group for hearing loss. Previous research on structural 21 differences in tinnitus patients has shown that hearing loss can have an important impact on 22 the results (Husain FT et al. 2011; Melcher JR et al. 2012 ). As our research showed that 23 similar components were obtained in both the healthy control subjects and the tinnitus group,
24
this suggested that hearing loss might have only a minor influence on the component analysis. This analysis was corrected for the frequency bands, but not for the amount of comparisons.
